To determine the effectiveness of early, routine antioxidant supplementation using ␣-tocopherol and ascorbic acid in reducing the rate of pulmonary morbidity and organ dysfunction in critically ill surgical patients.
Summary Background Data
Oxidative stress has been associated with the development of the acute respiratory distress syndrome (ARDS) and organ failure through direct tissue injury and activation of genes integral to the inflammatory response. In addition, depletion of endogenous antioxidants has been associated with an increased risk of nosocomial infections. The authors postulated that antioxidant supplementation in critically ill surgical patients may reduce the incidence of ARDS, pneumonia, and organ dysfunction.
Methods
This randomized, prospective study was conducted to compare outcomes in patients receiving antioxidant supplementation (␣-tocopherol and ascorbate) versus those receiving standard care. The primary endpoint for analysis was pulmonary morbidity (a composite measure of ARDS and nosocomial pneumonia). Secondary endpoints included the development of multiple organ failure, duration of mechanical ventilation, length of ICU stay, and mortality.
Results
Five hundred ninety-five patients were enrolled and analyzed, 91% of whom were victims of trauma. The relative risk of pulmonary morbidity was 0.81 (95% confidence interval 0.60 -1.1) in patients receiving antioxidant supplementation. Multiple organ failure was significantly less likely to occur in patients receiving antioxidants than in patients receiving standard care, with a relative risk of 0.43 (95% confidence interval 0.19 -0.96). Patients randomized to antioxidant supplementation also had a shorter duration of mechanical ventilation and length of ICU stay.
Conclusions
The early administration of antioxidant supplementation using ␣-tocopherol and ascorbic acid reduces the incidence of organ failure and shortens ICU length of stay in this cohort of critically ill surgical patients.
Many critically ill surgical patients survive their initial physiologic insult only to die of infection or organ dysfunction over the ensuing days to weeks. The precise mechanism by which organ dysfunction occurs is unclear; however, there is mounting evidence that tissue injury is mediated at least in part by oxidative metabolites, or reactive oxygen species (ROS), derived from inflammatory cells and/or reperfusion injury. In this setting, ROS induce tissue injury through the peroxidation of plasma membranes, oxidation of critical enzymatic or structural proteins, induction of apoptosis, 1 and activation of NF-B, leading to the induction of genes critical to the initiation and perpetuation of the systemic inflammatory response. 2 The evidence supporting oxidant-mediated tissue injury and gene activation is greatest for the acute respiratory distress syndrome (ARDS), in which ROS have been detected in the expired breath of patients with the syndrome, and experimental evidence clearly implicates NF-B activation in the pathogenesis of alveolar inflammation. [3] [4] [5] [6] The profound oxidative stress that occurs during critical illness leads to early depletion of many endogenous antioxidants. For example, several investigators have documented lower circulating levels of ␣-tocopherol and ascorbate in association with increased levels of oxidized glutathione in the plasma of critically ill patients. [7] [8] [9] [10] [11] [12] [13] Given the apparent role oxidative stress and oxidant-mediated tissue injury play in the development of ARDS and multiple organ failure, supplementation with antioxidants may augment endogenous antioxidant defenses and serve to prevent the development of organ dysfunction. Further, there is increasing evidence that antioxidants, particularly ascorbic acid and ␣-tocopherol, may reduce the incidence of infectious complications, putatively by restoring neutrophil function and cell-mediated immunity, respectively. 14 -16 To date, prospective randomized trials have demonstrated little benefit from antioxidant supplementation. However, these studies, all carried out in mixed ICU populations, initiated supplementation after the development of organ dysfunction. [17] [18] [19] We postulated that patients would derive the greatest benefit if antioxidants were administered prophylactically, prior to the development of secondary organ injury and/or nosocomial infection. To test this hypothesis, we evaluated the efficacy of early, prophylactic antioxidant supplementation using a combination of ␣-tocopherol and ascorbate in a cohort of critically ill surgical patients admitted to an ICU. Specifically, we postulated that patients receiving antioxidants would have a lower incidence of ARDS, nosocomial pneumonia, and multiple organ failure.
METHODS

Protocol
Subjects were enrolled in this prospective, randomized trial from February 1999 to June 2000. Patients were eligible for the trial if they were 16 to 74 years old, were admitted to the ICU under the general surgery/trauma service, and were available for enrollment within 24 hours of sustaining their injury (in the case of trauma patients) or undergoing an emergency operation. Patients with isolated or severe (Glasgow Coma Scale score ϭ 6 or less) head injury, brain death, anticipated survival less than 48 hours, burns over more than 20% body surface area, sickle cell anemia, need for anticoagulation with coumadin while in the ICU, and chronic renal failure (creatinine Ͼ 2.5 mg/dL) were excluded from the trial. Subjects were randomized at the time of ICU admission or shortly thereafter.
Following treatment assignment, patients randomized to antioxidant supplementation received ␣-tocopherol (dl-␣-tocopheryl acetate; Aquasol E, Astra USA, Westborough, MA) 1,000 IU (20 mL) q8h per naso-or orogastric tube and 1,000 mg ascorbic acid given intravenously (American Reagent Labs, Shirley, NY) in 100 mL D 5 W q8h for the shorter of the duration of admission to the ICU or 28 days. We believed that given the waiver of consent provided to us by our institutional review board (vide infra), we could not administer a dose not clearly known to be safe. Therefore, these doses represent the highest reported doses administered to humans that have no significant side effects. 16 -20 Patients randomized to the control group received standard care, with the only restriction that they not receive any antioxidant supplementation while in the ICU. The low levels of antioxidants in our commonly used enteral feeding preparations were permissible as were the standard multivitamin preparation used for patients receiving total parenteral nutrition (TPN). Our most commonly used product for enteral nutrition was Replete with Fiber (Clintec, Deerfield, IL), which contains 340 mg ascorbic acid and approximately 60 IU ␣-tocopherol per liter. The multivitamin preparation used while on TPN provided 100 mg ascorbic acid and 10 IU ␣-tocopherol daily.
The institutional review board waived the need for informed consent due to the minimal risk involved and the inability to carry through with the critical early randomization scheme if direct consent were required. Informational fliers were posted in the ICU and the adjacent waiting rooms to inform the next-of-kin of the study protocol and to allow for withdrawal at their request. Similarly, as enrollment was automatic upon admission to the ICU, the attending surgeon had the right to refuse entry of his or her patient into the study at his or her discretion.
Patients were followed for the shorter of the duration of their hospital admission or 28 days. Baseline characteristics, including demographic information, comorbidities, anatomic (Injury Severity Score [ISS] ) and physiologic (APACHE II) markers of disease severity, and admitting diagnoses, were assessed. The primary efficacy endpoint of this study was the proportion of patients who developed either pneumonia or ARDS on or before day 28 (Table 1) . 21 This composite endpoint will be referred to as "pulmonary morbidity." A radiologist not involved with the study and blinded to the treatment arm provided objective assessment of the radiologic criteria to limit bias in the evaluation of chest radiographs for assessment of pneumonia or ARDS. The prospectively defined secondary efficacy endpoints included the development of multiple organ failure, 22 the Multiple Organ Dysfunction Score, 23 ventilator-free days, duration of ICU and hospital length of stay, and 28-day mortality.
Our prospectively defined primary analysis included all patients who met the inclusion/exclusion criteria and were randomized, with patients analyzed according to the treatment group to which they were assigned at randomization (intent-to-treat analysis). To detect a 25% proportionate decrease in pulmonary morbidity using an ␣ of 0.05 (twotailed) and ␤ of 0.20, approximately 375 patients per group were necessary, based on an incidence of pulmonary morbidity in the ICU of approximately 40%. Differences between the two groups are expressed as the relative risk (or
Antioxidant Supplementation in the SICU relative difference for continuous variables) and corresponding 95% confidence intervals (CI) of developing the primary or secondary efficacy endpoint in the treatment group compared to the cohort receiving standard care. Time-to-event curves describing the proportion of patients who reached any endpoint during the 28-day period, according to treatment group, were calculated by the Kaplan-Meier method and compared with the use of log-rank tests. Analyses were conducted using Stata Statistical Software (release 6.0, Stata Corp., College Station, TX, 1999).
One in four of the first 200 patients enrolled were selected randomly for evaluation of circulating plasma levels of ascorbate and ␣-tocopherol at baseline and on days 1, 3, 5, 7, 14, and 21 following admission. Plasma ␣-tocopherol levels were assessed using high-performance liquid chromatography. 24 Plasma ascorbic acid levels were measured spectrophotometrically following the conversion of ascorbate to dehydroascorbate by ascorbic acid oxidase and subsequent conversion to the quinoxolone derivative by a fast reaction with o-phenylenediamine at pH 6.5.
25
Trauma patients with an ISS of more than 15 and who remained intubated 72 hours following admission were eligible for assessment of the alveolar inflammatory response by collection of alveolar lining fluid using bronchoalveolar lavage (BAL). After establishing eligibility, informed consent was obtained from the patient's legal next-of-kin and bronchoscopy was performed on day 3 using a previously established protocol. 26 Briefly, after obtaining adequate anesthesia and sedation, the fiberoptic bronchoscope was inserted through an adapter on the endotracheal tube and guided to the right middle lobe, where it was wedged. Five 30-mL aliquots of 0.9% NaCl were instilled sequentially and manually suctioned each time to recover BAL fluid. Visual inspection of the airways was completed for any evidence of bleeding or infection, and the bronchoscope was removed. The patient was monitored closely and returned to previous ventilator settings, usually within 60 minutes. BAL fluid was processed and evaluated for cell count, concentrations of protein, tumor necrosis factor-␣, interleukin-1 (IL-1), IL-6, IL-8, and soluble ICAM-1 (sICAM-1), as previously described. 27, 28 As a measure of oxidative stress, concentrations of F 2␣ isoprostanes were assessed in BAL fluid using a commercially available enzyme immunoassay (Cayman Chemical, Ann Arbor, MI). F 2␣ isoprostanes are prostaglandin-like compounds formed from the peroxidation of arachidonic acid and are considered a reliable marker of lipid peroxidation. 29, 30 Information on adverse effects specific to ascorbate and ␣-tocopherol were collected. 20 Specifically, the development of acute renal failure (creatinine Ͼ 2.5 mg/dL) was documented, and antioxidant supplementation was discontinued if these patients became oliguric. Since ␣-tocopherol may exacerbate an underlying coagulopathy due to vitamin K depletion, we recorded the highest INR in the ICU beyond day 2. 
Assignment
At the time of ICU admission, patients were randomized in a 1:1 ratio to either antioxidant supplementation or routine care. The pharmacist automatically assigned treatment based on a computer-generated random-number sequence. The investigators were unaware of the treatment allocation prior to randomization. This randomization scheme also allowed for random selection of subjects for sampling of serum vitamin levels in the first 200 patients enrolled. The pharmacy was instructed to randomize all patients fulfilling the inclusion criteria described above. Patients randomized who were later identified by the study coordinator as meeting exclusion criteria based on data available at the time of randomization were withdrawn from the study.
RESULTS
During the study, 770 patients were randomized at the time of ICU admission. Of these 770, 175 met the predefined exclusion criteria at the time of randomization and were withdrawn from the study shortly after enrollment (Table 2) , resulting in a study population of 595 patients: 301 randomized to antioxidant supplementation arm and 294 to standard care. The reasons for exclusion were similar across groups. Forty patients randomized to the treatment group (14%) were not in the ICU long enough to receive any supplementation yet were included in the intent-to-treat analysis. There were no patients in the standard therapy group that received antioxidant supplementation such that overall, 555 (93%) of patients received the treatment to which they were assigned.
Baseline Characteristics of Study Population
The study population consisted predominantly of young men, with trauma being the most frequent principal diagnosis (Table 3) . On the whole, patients were healthy, with no documented comorbidity in 509 (85%) patients. In patients with a diagnosis of trauma the mean ISS was 19.6 Ϯ 11; the mean APACHE II score in the entire cohort of patients was 14.0 Ϯ 6. Overall, 171 (29%) patients presented with shock (systolic blood pressure Ͻ 90 mmHg). There were no differences in any of the baseline characteristics between the two patient groups. The mean time to initiation of antioxidant supplementation was 11.3 Ϯ 6 hours.
Primary Efficacy Analysis
Twenty-eight days after enrollment, 36 (11.9%) patients receiving antioxidant supplementation had developed pneumonia, compared to 44 patients (15.0%) receiving standard care. The relative risk of pneumonia in the treatment group was 0.79 (95% CI 0.53-1.20) and no statistically significant difference was evident in the time-to-event analysis (P ϭ .3, Figure 1 . Kaplan-Meier estimates of the risk of pneumonia among 301 patients receiving antioxidant supplementation and 294 patients receiving standard care. There is some suggestion that antioxidant supplementation might be associated with a lower likelihood of pneumonia (P ϭ .3 by the log-rank test). Solid line: no antioxidant supplementation; dashed line: antioxidant supplementation. Fig. 1 ). Over the same time period, ARDS developed in 47 (15.6%) patients in the treatment group and 53 (18%) patients randomized to standard care. The relative risk of developing ARDS was 0.86 (95% CI 0.60 -1.24) in patients receiving antioxidants. Similar to pneumonia, the time-toevent analysis did not demonstrate a statistically significant benefit (P ϭ .4, Fig. 2 ). The composite primary endpoint, ARDS and/or pneumonia, was identified in 60 (19.9%) patients receiving antioxidant supplementation and in 72 (24.5%) patients receiving standard care, for a relative risk of pulmonary morbidity of 0.81 (95% CI 0.60 -1.1) in patients receiving antioxidants. The cumulative hazard function in the time-to-event analysis demonstrated no statistically significant difference across the two interventions (P ϭ .2, Fig. 3 ).
Secondary Efficacy Analysis
Overall, multiple organ failure occurred in only 26 (4%) patients. However, it was significantly less likely to occur in patients receiving antioxidants than in patients receiving standard care, with a relative risk of 0.43 (95% CI 0.19 -0.96, Fig. 4 ). This effect was underscored by the significantly lower Multiple Organ Dysfunction Score in the treatment group (Table 4 ). There were also significant benefits in terms of resource utilization. Patients randomized to antioxidant supplementation required nearly 1 less day (0.9, 95% CI 0.6 -1.2) of mechanical ventilatory support than patients receiving standard care and had 0.7 (95% CI 0.05-1.63) more ventilator-free days over the 28-day period of analysis (see Table 4 ). Moreover, patients receiving antioxidants had a 1.2-day (95% CI 0.81-1.5) reduction in their ICU length of stay and a 0.4-day (95% CI: Ϫ0.2-1.0) reduction in their hospital length of stay.
In this study, 28-day mortality was only 1.8% (11/595) in the entire cohort of patients. Mortality tended to be lower in the antioxidant-supplemented patients: four (1.3%) patients died in the supplemented group and 7 (2.3%) patients died in the cohort receiving standard care (see Table 4 ). The relative risk of death in the treatment group was 0.55 (95% CI 0.17-1.88). Similar benefits were also evident when ICU mortality and hospital mortality were examined.
Plasma Antioxidant Concentrations
Plasma ascorbate concentrations were similar in both cohorts at baseline and approached the lower limit of normal (Fig. 5) . Ascorbate concentrations remained at or below this level for as long as 3 weeks in the group receiving standard care. In contrast, plasma ascorbate concentrations normalized within 1 day of admission and met or exceeded the upper limit of normal in the supplemented group. Similarly, plasma ␣-tocopherol concentrations were comparable in both groups at baseline and diverged by 3 days of treatment, reaching supranormal levels by day 5 (Fig. 6 ).
Alveolar Inflammatory Response
BAL fluid F 2␣ isoprostane levels are shown in Figure 7 . Median levels appeared to be lower in the patients receiving antioxidant supplementation (14.8 pg/mL vs. 70.7 pg/mL, P ϭ .5). Associated with lower levels of oxidative stress in the antioxidant group was a tendency for an attenuated alveolar inflammatory response, as demonstrated by a lower alveolar white blood cell and protein concentration as well as reduced concentrations of TNF-␣, IL-1␤, and IL-6 (Table   5 ). No consistent response was evident upon assessment of IL-8 or sICAM-1 concentrations.
Complications
The incidence of acute renal failure was no different between the two groups: three (1%) patients in the treatment group and four (1.3%) patients in the control group developed acute renal failure (creatinine Ͼ 2.5 mg/dL). There was no difference in the highest INR over the course of ICU stay: 1.4 in patients receiving antioxidants and 1.5 in patients receiving standard care.
DISCUSSION
A significant body of evidence suggests that oxidative stress plays an important role in the manifestations of crit- The importance of oxidative stress in the early phases of critical illness is underscored by the relative antioxidant depletion reported in many observational studies of this population. For example, patients admitted to the ICU have reduced total antioxidant capacity, 38, 39 with lower circulating levels of ␣-tocopherol 9 -11 and serum ascorbate [11] [12] [13] and increased alveolar fluid levels of oxidized glutathione. 7 The relative decrease in antioxidant capacity appears to correlate with the severity of illness and suggests a causal relationship between antioxidant depletion and increasing levels of organ dysfunction. 8, 12, 13, 38, 39 This relationship is strengthened by evidence of oxidative stress, manifest in these patients by a substantial increase in products of lipid peroxidation. 8, 11, 40 The evidence for oxidative stress in the critically ill patient, coupled with the potential for direct oxidative tissue injury and induction of the systemic inflammatory response, provides a sound biologic rationale for antioxidant supplementation. However, in contrast to animal studies, clinical trials using the cysteine-based moiety N-acetylcysteine have demonstrated either no or marginal benefit. 17, 18, 41 In all of these studies the antioxidant was initiated after the development of acute lung injury. By contrast, in a small prospective randomized controlled trial in high-risk trauma patients in which a combination of ␣-tocopherol, ascorbate, selenium, and N-acetylcysteine was administered early during the resuscitation phase, there was a dramatic but not statistically significant reduction in the incidence of multiple organ failure and infectious complications. 42 These data suggest the potential for benefit if antioxidants are administered prophylactically, before the onset of significant organ dysfunction and infection.
The present study examined the effect of ␣-tocopherol and ascorbate in preventing the development of pulmonary morbidity (ARDS, pneumonia) and organ failure in a cohort of severely ill surgical patients, the majority of whom were victims of trauma. At ICU admission, patients receiving standard care and those randomized to antioxidant supplementation were comparable based on reason for ICU admission and severity of illness and anatomic injury. Patients receiving antioxidant supplementation demonstrated a 19% (95% CI Ϫ10%-40%) reduction in incidence of pulmonary morbidity. As a result of a lower-than-expected incidence of the primary endpoint, the power to detect a difference across the two groups was only 24%. This study would have required 1,300 patients per group to have 80% power to detect a difference at an ␣ of 0.05.
The treatment group had a 57% (95% CI 4 -81%) lower incidence of multiple organ failure and a trend toward a reduction in 28-day mortality. These benefits translated into a reduction in resource utilization, as measured by a shorter duration of mechanical ventilation and ICU length of stay. Further, there were no adverse effects attributable to the antioxidants. Specifically, administration of high-dose ascorbate or ␣-tocopherol did not increase the risk of renal failure or coagulopathy. 20 The mechanisms by which antioxidant supplementation exerted its beneficial effects in this cohort of patients are unclear. Alveolar fluid levels of F 2␣ isoprostane tended to be lower in patients receiving antioxidants, as were concentrations of TNF-␣, IL-1␤, and IL-6. These data imply that antioxidants are reducing both the amount of oxidative tissue injury and the early inflammatory response, possibly through effects on gene activation. Paradoxically, there ap- pears to be no effect on alveolar fluid concentrations of sI-CAM-1 and IL-8, two other proteins whose genes have previously been reported to be sensitive to redox alterations. 31, 32 The small number of patients in whom biochemical measures of oxidative stress and alveolar inflammation were available and the intrinsic biologic variability preclude making any definitive conclusions from a mechanistic standpoint. This trial has a relatively homogenous population as one of its strengths. This homogeneity reduces the intrinsic noise and variability and thus increases the likelihood of observing a measurable effect. However, this homogeneity reduces the generalizability of the intervention. For example, trauma patients tend to be male and younger and have little comorbidity. Further, the time of the physiologic insult is well established. It is unclear whether there might be any observable benefit in a mixed cohort of patients with significant comorbidity in whom the time of onset is less clear (e.g., sepsis) and in whom there are a variety of different diagnoses.
One additional limitation is the lack of a placebo and blinding on the part of the investigators, potentially introducing bias into the evaluation of the endpoints. However, the definitions for all of the endpoints had objective criteria. In addition, a radiologist not involved with the study and blinded to the treatment arm provided objective assessment of the radiologic criteria to limit bias in the evaluation of chest radiographs for assessment of pneumonia or ARDS. There exists the possibility that knowledge of the treatment group might alter care, and this alone may have an impact on outcome independent of any effect of treatment; however, management was not influenced by the knowledge that a patient was or was not receiving antioxidant therapy.
This large, randomized prospective trial in a cohort of critically ill surgical patients suggests benefit from the routine early, prophylactic administration of ␣-tocopherol and ascorbate. Potentially greater benefit may be obtained if an intravenous formulation of ␣-tocopherol were available and higher circulating levels were achieved early in the course of illness; however, no such agent is currently approved for use in humans. The lack of adverse effects, coupled with the minimal expense, supports that this combination is a reasonable therapeutic intervention in critically surgical patients.
